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Abstract
The in-medium masses of the lowest S-wave charmonium states (vector meson, J/ψ and pseu-
doscalar meson, ηc) and P-wave charmonium states (scalar, χc0 and axialvector χc1) are investigated
in magnetized nuclear matter, within the framework of QCD sum rule approach. These are com-
puted from the medium modifications of the scalar as well as twist–2 gluon condensates, obtained
from the medium modifications of a scalar dilaton field, within a chiral effective model. The effects
of the magnetic field, isospin asymmetry and density on the masses of these charmonium states
have been investigated. The modifications of the masses of the P-wave charmonium states (χc0 and
χc1) are observed to be much larger as compared to those of the S-wave states, J/ψ and ηc within
the QCD sum rule approach. The effects of the coupling of the spin with the magnetic field are
also investigated in the present work, which result in the mixing of the spin zero charmonium state
with the longitudinal component of the vector meson. This leads to an increase (drop) in mass of
the longitudinal J/ψ (ηc) for the S-wave states. The effects of the spin-magnetic field interactions
are observed to be dominant at high magnetic fields.
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I. INTRODUCTION
The study of in-medium properties of hadrons, and, more recently of the heavy flavor
hadrons [1], has been a topic of intense research, due to its relevance in ultra-relativistic
heavy ion collision experiments. The effects of magnetic field on the hadron properties are
also important to investigate, as strong magnetic fields are known to be created in non-
central high energy heavy ion collision experiments [2]. The time evolution of the magnetic
field resulting from these high energy heavy ion collision experiments however is still an open
question, which needs the proper estimate of the electrical conductivity of the medium as
well as the solutions of the magnetohydrodynamic equations.
In the QCD sum rule approach, the mass modifications of the open heavy flavor (charm
and bottom) mesons, due to the presence of the light quark (antiquark) in these mesons,
arise from the medium modifications of the light quark condensates [3–5]. On the other
hand, the hidden heavy flavor mesons, e.g, the charmonium and bottomonium states are
modified due to the gluon condensates in the medium within the QCD sum rule framework
[6–8]. In Ref. [9], the mass modifications of the charmonium states have been studied
using the leading order QCD formula [10] and using the linear density approximation for
the medium modification of the gluon condensates in the nuclear medium. The QCD sum
rule calculations for the charmonium states have been generalized to finite temperatures
[11], where the medium modifications of these states have been studied arising due to the
temperature effects on the gluon condensates, extracted from lattice calculations. The effects
of magnetic fields have been investigated on the properties of the open heavy flavor mesons,
e.g., D and B mesons [12–16] as well as the heavy quarkonium states [17–20]. The effects of
the interaction of the spin with magnetic field lead to mixing of the longitudinal component
of the S=1 charmonium state (J/ψ) with the S=0 state (ηc), resulting in a positive (negative)
mass shift in the longitudinal component of vector J/ψ (pseudoscalar, ηc) [17, 18, 21, 22].
Using a chiral effective model, the mass modifications of the open charm mesons have
been studied, arising from their interactions with the nucleons, hyperons and scalar mesons
in the strange hadronic matter [23–27]. The broken scale invariance of QCD is incorporated
in the chiral effective model through a scalar dilaton field [28–31]. The in-medium masses
of the charmonium states have been investigated within the chiral effective model [25, 26],
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by computing the scalar gluon condensate in the hadronic medium from the medium mod-
ification of a scalar dilaton field. This investigation showed a small drop of the J/ψ mass
in the medium, whereas the masses of the excited charmonium states are observed to have
appreciable drop at high densities. The chiral effective model has been generalized to the
bottom sector to study the in-medium masses of the open (strange) bottom mesons [32, 33]
and the bottomonium states [34]. The mass modifications of the open charm (bottom)
as well as charmonium (bottomonium) states have been used to compute the in-medium
partial decay widths of the charmonium (bottomonium) to DD¯ (BB¯) using a light quark
pair model, namely 3P0 model [26, 35, 36] as well as a field theoretic model for composite
hadrons [37, 38]. The effects of magnetic field have also been studied on the masses of the
open charm [15], open bottom [16], the charmonium [19] as well as the bottomonium states
[20] in nuclear matter including the effects of the anomalous magnetic moments of the nu-
cleons. The decay widths of the charmonium to DD¯ in presence of strong magnetic fields
have also been studied using the 3P0 model [39] as well as using the field theoretic model
for composite hadrons [40].
In the present investigation, we study the mass modifications of the S-wave states (J/ψ
and ηc) and P-wave states (χc0 and χc1) in the presence of strong magnetic fields, within a
QCD sum rule framework [7], with the gluon condensates in the hadronic medium calculated
using the chiral effective model [28, 29]. We calculate the contributions of the scalar gluon
condensates,
〈
αs
pi
GaµνG
aµν
〉
and the twist-2 tensorial gluon operator,
〈
αs
pi
GaµσG
a
ν
σ
〉
upto di-
mension four [7] to investigate the masses of the S-wave states (J/ψ and ηc) as well as the
P-wave states (χc0 and χc1) in nuclear matter in the presence of a magnetic field. The effect
of the interaction of spin to the external magnetic field on the masses of the S-wave states
J/ψ and ηc, has also been investigated, and this is observed to have dominant contribution
at high magnetic fields.
The outline of the paper is as follows : In section II, we give a brief introduction to
the chiral SU(3) model used in the present investigation, to calculate the in-medium gluon
condensates needed to study the in-medium masses of charmonium ground states (vector
J/ψ, pseudoscalar ηc, scalar χc0 and axialvector χc1) using the QCD sum rule approach.
The medium modifications of these charmonium states arise from the medium modification
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of the scalar and the twist-2 gluon condensates within the QCD sum rule framework. In
addition, the effects of the spin-magnetic field interaction on the mass modifications for the
S-wave charmonium states (J/ψ and ηc) are estimated. These lead to an increase (drop)
in the mass of J/ψ (ηc). Section III discusses briefly the QCD sum rule approach used to
calculate the masses of the S-wave and P-wave charmonium states. In section IV, we discuss
the results of the present investigation. Section V summarizes the findings of the present
work.
II. THE HADRONIC CHIRAL SU(3)× SU(3) MODEL
In this section, we briefly describe the chiral SU(3) model [29] used to calculate the gluon
condensates in the magnetized nuclear matter. The in-medium masses of the charmonium
states, J/ψ, ηc, χc0 and χc1, are then computed from these gluon condensates, within the
QCD sum rule framework. The chiral SU(3) model is based on the nonlinear realization of
chiral symmetry [41–43] and broken scale invariance [29–31]. The broken scale invariance is
incorporated within the effective hadronic model with a scale breaking logarithmic potential
in terms of a scalar dilaton field, whose medium modifications yield the medium dependent
gluon condensates. The effective hadronic chiral Lagrangian density is given as
L = Lkin + LBM + Lvec + L0 + Lscalebreak + LSB + Lmag. (1)
In the above Lagrangian density, the first term Lkin corresponds to the kinetic energy terms
of the baryons and the mesons. LBM is the baryon-meson interaction term, Lvec corre-
sponds to the interactions of the vector mesons, L0 contains the meson-meson interaction
terms, Lscalebreak is a scale invariance breaking logarithmic potential given in terms of a
scalar dilaton field [44], LSB is the explicit chiral symmetry breaking term, and Lmag is the
contribution from the magnetic field, given as [15, 16, 19, 20, 45–48]
Lmag = −ψ¯iqiγµAµψi − 1
4
κiµN ψ¯iσ
µνFµνψi − 1
4
F µνFµν , (2)
where, ψi is the field operator for the i-th baryon (i = p, n, for nuclear matter, as considered
in the present work), and the parameter κi in the second term in equation (2) is related
to the anomalous magnetic moment of the i-th baryon [45–51]. The values of κp and κn
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are given as 3.5856 and −3.8263 respectively, which are the values of the gyromagnetic
ratio corresponding to the anomalous magnetic moments of the proton and the neutron
respectively.
Within the chiral SU(3) model used in the present investigation, the scalar gluon con-
densate 〈αs
pi
GaµνG
aµν〉, as well as the twist-2 gluon operator, 〈αs
pi
GaµσG
a
ν
σ〉, are simulated
by the scalar dilaton field, χ. These are obtained from the energy momentum tensor
Tµν = (∂µχ)
(
∂Lχ
∂(∂νχ)
)
− gµνLχ, (3)
derived from the Lagrangian density for the dilaton field [8]. The energy momentum tensor
in QCD, accounting for the current quark masses, can be written as [11, 52]
Tµν = −ST (GaµσGaνσ) + gµν
4
(∑
i
miq¯iqi + 〈βQCD
2g
GaσκG
aσκ〉
)
(4)
where the first term is the symmetric traceless part and second term is the trace part of the
energy momentum tensor. Writing
〈αs
pi
GaµσG
a
ν
σ〉 =
(
uµuν − gµν
4
)
G2, (5)
where uµ is the 4-velocity of the nuclear medium, taken as uµ = (1, 0, 0, 0), we obtain the
energy momentum tensor in QCD as
Tµν = −
( pi
αs
)(
uµuν − gµν
4
)
G2 +
gµν
4
(∑
i
miq¯iqi + 〈βQCD
2g
GaσκG
aσκ〉
)
. (6)
Equating the energy-momentum tensors given by equations (3) and (6) and multiplying by
(uµuν− gµν
4
) and gµν lead to the expressions for G2 (related to the twist–2 gluon condensate)
and the scalar gluon condensate as [8]
G2 =
αs
pi
[
− (1− d+ 4k4)(χ4 − χ04)− χ4ln
( χ4
χ04
)
+
4
3
dχ4ln
((
(σ2 − δ2) ζ
σ20ζ0
)(
χ
χ0
)3)]
, (7)
and,
〈
αs
pi
GaµνG
aµν
〉
=
8
9
[
(1− d)χ4 +
(
χ
χ0
)2 (
m2pifpiσ + (
√
2m2kfk −
1√
2
m2pifpi)ζ
)]
. (8)
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The scalar gluon condensate also depends on the scalar fields, σ and ζ , as we have included
the term due to the finite quark masses, in the energy momentum tensor in QCD. The in-
medium masses of the charmonium states are modified due to the scalar gluon condensate
and the twist-2 gluon operators (through the expression G2).
III. QCD SUM RULE APPROACH AND IN-MEDIUM CHARMONIUM MASSES
In the present section, we shall use the medium modifications of the gluon condensate,
calculated from the dilaton field in the chiral effective model, to compute the masses of
the lowest charmonium states in isospin asymmetric nuclear matter in the presence of a
magnetic field. The masses of the S-wave charmonium states, J/ψ and ηc, have been studied
in Ref. [8] for the case of zero magnetic field. Using the QCD sum rule approach [7], the
in-medium mass squared of the charmonium state of type i (i=Vector, Pseudoscalar, Scalar,
Axialvector), m∗i
2, is given by
m∗i
2 ≃ M
i
n−1(ξ)
M in(ξ)
− 4m2cξ (9)
whereM in is the nth moment of the meson i and ξ is the normalization scale. Using operator
product expansion, the moment M in can be written as [7]
M in(ξ) = A
i
n(ξ)
[
1 + ain(ξ)αs + b
i
n(ξ)φb + c
i
n(ξ)φc
]
, (10)
where Ain(ξ), a
i
n(ξ), b
i
n(ξ) and c
i
n(ξ) are the Wilson coefficients. The common factor A
i
n
results from the bare loop diagram. The coefficients ain take into account perturbative
radiative corrections, while the coefficients bin are associated with the scalar gluon condensate
term
φb =
4pi2
9
〈
αs
pi
GaµνG
aµν
〉
(4m2c)
2
, (11)
where, the scalar gluon condensate is given by equation (8). The coefficients Ain, a
i
n, and b
i
n
are listed in Ref.[53]. The coefficients cin are associated with the value of φc, which gives the
contribution from twist-2 gluon operator and is given as
φc =
4pi2
3(4m2c)
2
G2, (12)
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where G2 is given by equation (7). The Wilson coefficients, c
i
n in the vector channel (for
J/ψ) and the pseudoscalar channel (for ηc) can be found in Ref. [7]. Using a background
field technique, the coefficients cin’s have been calculated for the P-wave charmonia, χc0 and
χc1 in Ref. [54]. The parameters mc and αs are the running charm quark mass and running
coupling constant and are ξ dependent [53]. In the next section, we present and discuss the
results of our present work of the investigation of the in-medium masses of the S-wave states
J/Ψ and ηc, as well as, P-wave states χc0 and χc1, in isospin asymmetric nuclear matter
in the presence of magnetic field. The spin-magnetic field interaction leads to interaction
between the longitunal component of the spin 1 to the spin 0 state. The effects of the spin-
magnetic field interaction has been taken into account for the S-wave charmonium states
J/ψ and the pseudoscalar meson ηc [17, 18, 21, 22]. This interaction is observed to give
mixing between the longitudinal component of the spin one (triplet) charmonium state, J/ψ
and the spin zero (singlet) pseudoscalar meson, ηc. In the present work, we estimate the
modifications arising from the additional interaction of the spin with the magnetic field, for
the S-wave charmonium masses, J/ψ (spin 1) and ηc (spin 0). This leads to the effective
masses for the longitunal J/ψ and ηc (accounting for the in-medium charmonium masses
calculated within the QCD sum rule approach as given by equation (9), along with the shift
due to the spin-magnetic field interaction) to be given as [22]
meffJ/ψ = m
∗
J/ψ +∆msB, m
eff
ηc = m
∗
ηc −∆msB, (13)
In the above, the contribution due to the spin-magnetic field interaction is given as,
∆msB =
∆M
2
(
(1 + χ2sB)
1/2 − 1
)
, with χsB =
2gµcB
∆M
, (14)
where µc = (
2
3
e)/(2mc) as the (charm) quark Bohr magneton, ∆M = m
∗
J/ψ −m∗ηc , and g is
chosen to be 2, thereby ignoring the anomalous magnetic moment effects for the charm quark
(antiquark). In the expression of χsB given by equation (14), mc is taken to be 1.8 GeV.
The effects of the interaction of the spin with the magnetic field is observed to lead to a rise
(drop) in the longitudinal J/ψ (ηc) and these effects dominate over the mass modifications
arising within the QCD sum rule approach in presence of strong magnetic fields.
7
3160
3180
3200
3220
3240
m
J/
(M
eV
)
6 7 8 9
=0
eB = 4m 2
B= 0
B=2 0
B=4 0
(a)
3160
3180
3200
3220
3240
6 7 8 9
=0.5
eB = 4m 2
(b)
3160
3180
3200
3220
3240
m
J/
(M
eV
)
6 7 8 9
n
=0
eB = 12m 2
(c)
3160
3180
3200
3220
3240
6 7 8 9
n
=0.5
eB = 12m 2
(d)
FIG. 1: (Color online) The mass of the vector charmonium state, J/ψ plotted as a function of n
at given values of baryon densities, isospin asymmetry parameter and magnetic fields. The value
of ξ is chosen to be 1, which yields the vacuum mass of J/ψ to be 3196.2 MeV.
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FIG. 2: (Color online) The mass of the pseudoscalar charmonium state, ηc plotted as a function
of n at given values of baryon densities, isospin asymmetry parameter and magnetic fields. The
value of ξ is chosen to be 1, which yields the vacuum mass of ηc to be 3066.56 MeV.
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FIG. 3: (Color online) The mass of the scalar charmonium state, χc0 plotted as a function of n
for ξ = 2.5, at given values of baryon densities, isospin asymmetry parameter and magnetic fields.
The value of ξ is chosen to be 2.5, which yields the vacuum mass of χc0 to be 3720.6264 MeV.
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FIG. 4: (Color online) The mass of axial vector charmonium state χc1 plotted as a function of n
for ξ = 2.5, at given values of baryon densities, isospin asymmetry parameter and magnetic fields.
The value of ξ is chosen to be 2.5, which yields the vacuum mass of χc1 to be 3877.77 MeV.
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η = 0 η = 0.5
eB/m2pi ρB = ρ0 ρB = 2ρ0 ρB = ρ0 ρB = 2ρ0
(a) -4.424 -10.574 -4.126 -9.332
4 (b) -4.3 -9.94 -3.838 -8.75
(c) +1.748 -3.817 +2.2076 -2.6486
(a) -4.496 -11.025 -4.126 -9.332
12 (b) -4.316 -9.8806 -3.689 -7.7056
(c) +38.506 +33.27 +39.107 +35.3
TABLE I: Mass shifts of J/ψ in magnetized nuclear matter for densities of ρ0 and 2ρ0, asymmetric
parameter, η=0 and 0.5 and for magnetic fields, eB/m2pi as 4 and 12. These are tabulated without
and with the contributions from anomalous magnetic moments of the nucleons in (a) and (b)
respectively. The effects from the interaction of spin to magnetic field are also taken into account
in (c).
IV. RESULTS AND DISCUSSIONS
In this section, we investigate the in-medium masses of the S-wave charmonium states
J/ψ (3S1) and ηc (
1S0) mesons and P-wave states χc0 (
3P0) and χc1 (
3P1) in nuclear matter in
the presence of strong magnetic fields using the QCD sum rule approach [6–8, 11]. The scalar
and the twist-2 gluon condensates are calculated within the chiral effective model, from the
medium modification of a scalar dilaton field, χ, which mimics the gluon condensates of
QCD. The in-medium masses of J/ψ and ηc have been calculated for zero magnetic field
within the QCD sum rule framework using the gluon condensates calculated within the
chiral effective model [8]. In the present work, the effects of magnetic field are studied on
the masses of the S- and P-wave charmonium states, and the effects of the interaction of the
spin and magnetic field on the masses of the J/ψ and ηc are investigated.
In the chiral effective model, the calculations are done in the mean field approximation.
In this approximation, the meson fields are treated as classical fields. In the presence of a
magnetic field, the proton has contributions from the Landau energy levels. The effects of
the anomalous magnetic moments of the nucleons are also taken into consideration in the
12
η = 0 η = 0.5
eB/m2pi ρB = ρ0 ρB = 2ρ0 ρB = ρ0 ρB = 2ρ0
(a) -4.167 -8.406 -3.912 -7.585
4 (b) -4.07 -8 -3.68 -7.21
(c) -10.119 -14.126 -9.7256 -13.314
12 (a) -4.17 -8.689 -3.912 -7.585
(b) -4.056 -7.97 -3.56 -6.5124
(c) -46.88 -51.12 -46.356 -49.52
TABLE II: Mass shifts of ηc in magnetized nuclear matter for densities of ρ0 and 2ρ0, asymmetric
parameter, η=0 and 0.5 and for magnetic fields, eB/m2pi as 4 and 12. These are tabulated without
and with the contributions from anomalous magnetic moments of the nucleons in (a) and (b)
respectively. The effects from the interaction of spin to magnetic field (leading to mixing with
J/ψ) are also taken into account in (c).
η = 0 η = 0.5
eB/m2pi ρB = ρ0 ρB = 2ρ0 ρB = ρ0 ρB = 2ρ0
4 (a) -6.3735 -16.626 -5.906 -14.286
(b) -6.178 -15.265 -5.453 -13.35
12 (a) -6.49 -17.7 -5.906 -14.286
(b) -6.21 -15.169 -5.218 -11.6264
TABLE III: Mass shifts of χc0 in magnetized nuclear matter for densities of ρ0 and 2ρ0, asymmetric
parameter, η=0 and 0.5 and for magnetic fields, eB/m2pi as 4 and 12. These are tabulated (a)
without and (b) with the anomalous magnetic moments of the nucleons taken into consideration.
present work of investigation of the in-medium masses of the S- and P-wave charmonium
ground states using the QCD sum rule approach. For given values of baryon density, ρB,
isospin asymmetry, η = (ρn − ρp)/(2ρB) (ρp and ρn are the number densities for the proton
and neutron respectively), and magnetic field, the coupled equations of motion for the scalar
fields, σ, ζ , δ and χ are solved. The twist-2 and the scalar gluon condensates, are calculated
13
η = 0 η = 0.5
eB/m2pi ρB = ρ0 ρB = 2ρ0 ρB = ρ0 ρB = 2ρ0
4 (a) -9.592 -24.34 -8.894 -21.37
(b) -9.3 -22.824 -8.217 -20
12 (a) -9.767 -25.451 -8.894 -21.37
(b) -9.343 -22.68 -7.866 -17.448
TABLE IV: Mass shifts of χc1 in magnetized nuclear matter for densities of ρ0 and 2ρ0, asymmetric
parameter, η=0 and 0.5 and for magnetic fields, eB/m2pi as 4 and 12. These are tabulated (a)
without and (b) with the anomalous magnetic moments of the nucleons taken into consideration.
from the equations (7) and (8), which are then used to calculate the values of φb and φc
(given by equations (11) and (12) respectively). Using the values of φb and φc, the in-medium
charmonium masses are calculated using equation (9). For the S-wave charmonium states,
the effects from spin-magnetic field interaction are also considered to calculate the effective
masses for J/ψ and ηc, using equation (13).
In isospin symmetric nuclear medium, at baryon densities, ρB = 0 and ρ0, the values
of the dilaton field, χ are 409.76 and 406.38 MeV respectively and hence using equation
(8), the values of the scalar gluon condensate
〈
αs
pi
GaµνG
aµν
〉
turn out to be (373MeV)4 and
(371.6MeV)4 for densities ρB = 0 and ρ0 respectively. The values of φb, turn out to be
2.3 × 10−3 and 2.27 × 10−3 in the vacuum and at nuclear matter saturation density, ρ0,
respectively. These may be compared with the values of φb to be equal to 1.8 × 10−3 and
1.7 × 10−3 respectively for ρB = 0 and for ρB = ρ0, obtained from the values of scalar
gluon condensate of (350 MeV)4 and (344.81 MeV)4 respectively in vacuum and at nuclear
saturation density, ρ0 in Ref. [7] in the linear density approximation. We might note here
that the value of nuclear matter saturation density used in the present calculations is 0.15
fm−3 and in Ref. [7], it was taken to be 0.17 fm−3.
In the present investigation, we choose ξ = 1 for study of the in-medium masses of J/ψ
and ηc, leading to the ξ dependent coupling constant and charm quark mass, αs = 0.21
and mc = 1.24 GeV respectively [6, 7, 53]. With these parameters and with φb calculated
within the chiral effective model, the vacuum masses (in MeV) of J/ψ and ηc are obtained
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to be 3196.2 and 3066.56 respectively. In figures 1 and 2, the masses of the J/ψ and ηc are
plotted for isospin symmetric as well as asymmetric nuclear matter (with η=0.5) for typical
values of the magnetic field accounting for the anomalous magnetic moments (AMM) of
the nucleons. These results are compared to the case when the AMM effects are not taken
into consideration (shown as dotted lines). The values of the mass shifts of J/ψ and ηc are
presented in Tables 1 and 2 respectively, for the cases of (a) without AMM, (b) with AMM
and (c) with AMM along with the effect of the spin–magnetic field interaction. In isospin
symmetric nuclear matter, at the nuclear matter saturation density, the values of mass shifts
for J/ψ and ηc mesons, for eB of 4m
2
pi (12m
2
pi) are observed to be -4.3 (-4.316) and -4.07
(-4.056) MeV when the AMM effects of nucleons are taken into account. These values are
very similar to the zero magnetic field values of -4.43 and -3.8 MeV respectively within the
QCD sum rule calculation with gluon condensates calculated from the chiral effective model
[8], as well as the mass shifts of −7 MeV and −5 MeV respectively obtained in the linear
density approximation in Ref.[7]. In Ref.[6] the operator product expansion was carried
out upto dimension six and mass shift for J/ψ was found to be −4 MeV at nuclear matter
saturation density ρ0. The difference in the masses of J/ψ and ηc, when the AMM effects
are taken into account and when these are not considered, is observed to be smaller for the
isospin asymmetric nuclear matter as compared to the symmetric nuclear matter case.
To study the medium modifications of the P-wave charmonia (χc0 and χc1), the value of
ξ is chosen to be 2.5, for which the values of the coupling constant, αs=0.1948 and mc=
1.219 GeV [53, 54]. The vacuum values for the scalar meson, χc0 and the axialvector meson
χc1 turn out to be 3720.6264 and 3877.77 MeV respectively. The density dependence of the
masses for these P-wave states, χc0 and χc1 are illustrated in figures 3 and 4 for magnetic
fields, eB as 4m2pi and 12m
2
pi, for the isospin symmetric nuclear matter (η=0) as well as for the
extreme isospin asymmetric matter (η=0.5). The mass shifts of these mesons for the cases
of accounting for the AMM effects of the nucleons are given in tables III and IV respectively,
for given densities, magnetic fields and isospin asymmetry. The mass drop obtained from
QCD sum rule approach are observed to be larger for the P wave charmonia as compared to
the S-wave charmonia. As may be seen from the tables I – IV, in isospin symmetric nuclear
matter, at nuclear matter saturation density, for eB = 4m2pi, the mass shifts (in MeV) for
15
J/ψ, ηc, χc0 and χc1, as calculated from the medium modifications of the scalar and twist–2
gluon condensates, within the QCD sum rule calculation (from equation (9) are observed
to be -4.3, -4.1, -6.2 and -9.3 respectively, when the AMMs of the nucleons are taken into
account. These values are modified to -9.9, -8, -15.26 and -22.82 at ρB = 2ρ0 and to -16.926,
-12.23, -31.3294 and -39.74 at ρB = 4ρ0.
There are dominant modifications to the masses of the S-wave charmonium states, J/ψ
and ηc, in the presence of the spin-magnetic field interaction, leading to mass shifts (in
MeV) of +1.75 and -10.12 for J/ψ and ηc respectively for eB = 4m
2
pi and +38.5 and -46.9
for eB = 12m2pi at ρB = ρ0 in isospin symmetric nuclear matter. The modification of the
mass of J/ψ at high magnetic fields should manifest in the reduction of the dilepton pairs
produced from J/ψ, for example at LHC. The mixing of the state ψ′ with η′c has also been
considered along with the J/ψ–ηc mixing in the presence of a magnetic field and the effects
of magnetic field on the formation times of these charmonium states were studied in Ref.
[21]. The formation times for the vector charmonium states (J/ψ and ψ′) were observed
to be delayed as compared to those for their pseudoscalar partners ηc and η
′
c. The mixing
of J/ψ(ψ′) to ηc(η
′
c) might appear as the anomalous production of dileptons from ηc(η
′
c),
in addition to J/ψ(ψ′) decaying to dilepton pairs [17, 18, 21]. These mass modifications of
the S-wave charmonium states, arising due to the interaction of the spin to magnetic field
should manifest in observable like dilepton spectra in the high energy heavy ion collision
experiments.
V. SUMMARY
In summary, in the present work, we have studied the mass modifications of the S-wave
charmonium states, J/ψ and ηc, and P-wave states, χc0 and χc1, in the nuclear medium in the
presence of strong magnetic fields, using QCD sum rule approach. The mass modifications
arise due to modifications of the scalar gluon condensate and twist-2 tensorial gluon operator,
calculated within a chiral effective model. The scalar and twist-2 gluon condensates in the
nuclear medium are obtained from the medium modification of a scalar dilaton field, χ,
which is introduced in the chiral effective model to simulate the broken scale invariance
of QCD. The effects of anomalous magnetic moments of the nucleons are observed to be
16
appreciable at higher densities and higher magnetic fields. The mass shifts of the S-wave
charmonium states are also calculated due to the interaction of the spin to the magnetic
field, and this modification is observed to dominate over the mass shifts calculated within
the QCD sum rule aprroach, due to the modification of the gluon condensates. The mixing
of the vector J/ψ with pseudoscalar ηc should manifest in the dilepton spectra of the high
energy heavy ion collision experiments.
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